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Abstract. Optical trapping at high vacuum of a nanodiamond containing a nitrogen
vacancy centre would provide a test bed for several new phenomena in fundamental
physics. However, the nanodiamonds used so far have absorbed too much of the
trapping light, heating them to destruction (above 800 K) except at pressures above
10 mbar where air molecules dissipate the excess heat. Here we show that milling
diamond of 1000 times greater purity creates nanodiamonds that do not heat up even
when the optical intensity is raised above 700 GW/m2 below 5 mbar of pressure.
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1. Introduction
Optically levitated nanodiamonds containing nitrogen vacancy (NV ) center spin
defects have been proposed as probes of quantum gravity [1, 2], mesoscopic wavefunction
collapse [3{6], phonon mediated spin coupling [7], and the direct detection of dark matter
[8, 9]. The NV  centre is a point defect in diamond that has a single electron spin which
has long coherence times at room temperature and can be both polarized and read out
optically [10, 11]. Progress with nanodiamonds levitated in optical dipole traps includes
the detection of NV  uorescence [12], optically detected magnetic resonance [13{15],
and the observation of rotational vibration exceeding 1 MHz [16]. Nanodiamonds
containing NV  centers have been trapped using ion traps at atmospheric pressure
[17, 18] and in vacuum [19], and a magneto-gravitational trap has allowed nanodiamond
clusters to be held below 10 2 mbar [20]. However, the latter design requires permanent
magnets for the levitation, which is incompatible with the trap-and-release experiments
[1, 2, 6] that reach large distance spatial superpositions of the centre-of-mass as desired
for all of the fundamental physics experiments mentioned above.
A key requirement of the aforementioned proposals is that the nanodiamonds are
levitated in high vacuum to prevent motional decoherence arising from gas collisions.
However, nanodiamond has been reported to heat up and eventually burn or graphitize
below 20 mbar due to the absorption of trapping light by defects and impurities
prevalent in the commercially available nanodiamonds used thus far [13, 14, 21]. Even
in experiments where the trapping potential is formed by something other than an
optical eld, substantial laser induced heating has been reported at moderate pressures
because of the laser light required to excite NV  centres [19]. Heating not only eventually
destroys the nanodiamond, but has been shown to be detrimental to the uorescence
intensity of the NV  centre, which is necessary for the optical read out of the spin state
[22]. With non-levitated nanodiamonds, reducing the electron spin concentration has
been shown to drastically improve spin coherence times of NV  centres [23, 24]. We
also note that heating is a problem more generally in optical trapping and not unique
to nanodiamond [25, 26].
Here we report on levitated nanodiamonds milled from pure low nitrogen chemical
vapour deposition (CVD) grown bulk diamond. Whilst methods such as reactive
ion etching of diamond to form nano-pillars are known to produce superior quality
nanodiamonds compared to milling [24], milling is the only technique we are aware of
that produces large enough quantities of nanodiamonds for the common nanoparticle
injection methods employed in optomechanics. Our previous study had shown
that commercial nanodiamonds (Adamas Nanotechnologies) milled from impure high-
pressure high-temperature (HPHT) diamond can reach temperatures in excess of 800 K
at 20 mbar, enough to burn or graphitize the nanodiamond [21]. In bulk diamond, the
source of infrared absorption is known to be extrinsic [27{29]. It has been suggested
that the source of heating was absorption of the trapping light by amorphous carbon
on the surface of the nanodiamond and defects within the diamond [21]. Our milled
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CVD nanodiamonds, which are 1000 times purer, remain at room temperature at
lower pressures than the pressures attainable with commercially available material.
These results show that impurities inside the nanodiamond are the dominant source of
unwanted absorption and heating in commercially available nanodiamonds. We observe
nanodiamonds to be suddenly ejected from the trap below 4 mbar (typically at  1
mbar), which we attribute to previously observed trapping instabilities at intermediate
vacuum that can be overcome with active damping (feedback cooling) of the centre-of-
mass motion [30{32].
2. Theory
An optical dipole trap (optical tweezers) is formed by a focussed laser beam as shown in
gure 1 (a). A sub-wavelength sized dielectric particle satises the Rayleigh scattering
criterion and can be approximated as a point dipole, and in the limit of small oscillations
[33] and the paraxial approximation [34], the trap potential is harmonic with a spring
constant
ktrap = 4
3P
c"0
(N:A:)4
4
; (1)
where  is the polarizability of the particle, P is the optical power, N.A. is the numerical
aperture of the trapping lens, c is the speed of light, "0 is the vacuum permittivity, and
 is the trapping laser wavelength [32]. Whilst the trap forms a harmonic potential,
collisions with the surrounding gas induce Brownian dynamics as seen in gure 1(b),
and the motion of the particle is therefore governed by
mx(t) +m 0 _x(t) +m!
2
0x(t) = fB(t); (2)
where x(t) is the time dependent position along the x axis (transverse to the optical
axis), m is the mass,  0 is the damping rate, !0 =
q
ktrap=m, and fB(t) is a Gaussian
random force with hfB(t)i = 0 and hfB(t)fB(t  t0)i = 2m 0kBTcm(t  t0), where Tcm is
the centre-of-mass temperature. Similar equations may be written for the y (transverse)
and z (along the optical axis) directions. It can then be shown that the power spectral
density is [33]
Sxx(!) =
2kBTcm
m
 0
(!2   !20)2 + !2 20
: (3)
We t the experimental data with (3), from which we may extract the nanodiamond's
centre-of-mass temperature, damping rate, size, and mechanical frequency.
The centre-of-mass and internal temperatures are linked by Tcm = (Timp imp +
Tem em)=( imp +  em), where the subscripts imp and em denote the temperature and
damping coecients of impinging and emerging gas molecules, respectively [26]. Gas
molecules thermalize with the nanodiamond, and the temperature of the nanoparticle
is then gT = Tem, where 0  g  1 is the thermal accommodation coecient
which determines the degree of thermalization [26]. By measuring the centre-of-mass
temperature of levitated Rayleigh particles as a function of trapping power, P , one may
deduce whether the nanodiamond is heating or at room temperature.
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Figure 1. (a) Schematic of the experimental setup. A half-wave plate (=2) and
polarizing beamsplitter (PBS) control the power of the laser. A microscope objective
housed inside a vacuum chamber focusses the beam to form the dipole trap. Un-
scattered and scattered light from trapped nanodiamonds is collimated by an aspheric
lens and sent to a balanced detector using one half-mirror and one full mirror. A
CMOS camera monitors scattering intensity from above the vacuum chamber. (b)
Calibrated time domain signal from the balanced detector, taken with a nanodiamond
trapped at 4 mbar undergoing harmonic and Brownian dynamics. (c) Photograph of a
levitated nanodiamond (white spot, left) trapped at the focus of the objective (right).
3. Methods
The starting material for the nanodiamonds was 150 mg of bulk CVD diamonds
(Element Six 145-500-0274-01). Electron paramagnetic resonance (EPR) allows for the
quantication of spin concentrations by comparing the EPR spectrum to the spectrum
of a reference sample, in this case a CVD diamond with a known concentration (41 ppb)
of single substitutional nitrogen (N0s ). Rapid passage EPR was used for an enhanced
signal-to-noise ratio and reduced acquisition time [35]. Twenty bulk samples of the same
grade material were measured in a Bruker X-band EMX spectrometer. EPR spectra are
shown in gure 2 (a). The [100] axis of each sample was aligned to the magnetic eld so
that all possible orientations of N0s were equivalent with respect to the magnetic eld.
The eld was swept from 338 to 358 mT in 10 s to satisfy the rapid passage condition.
The concentration of N0s in the twenty bulk samples averaged (121 ppb), varying from
(95 ppb) to (162 ppb). This signies an increase in purity of approximately three orders
of magnitude compared to the 150 ppm HPHT synthesized starting material used to
make the nanodiamonds used for previous work [12{21].
The diamonds were converted into nanodiamonds using silicon nitride ball milling
and then puried with phosphoric acid at 180C and sodium hydroxide at 150C to
remove the milling material, followed by a 5 hour 600C air anneal. 532 nm Raman
spectroscopy revealed no detectable contamination of silicon nitride as shown in gure 2
(c). These surface treatments target a similar surface termination as commercially
supplied uorescent nanodiamonds [36]; while there may be small dierences, we believe
they are not signicant as the surface is partially burned away as shown in gure 2 (d).
The optical dipole trap shown in gure 1 (a) was formed by focussing a single
longitudinal mode 1064 nm Nd:YAG laser (Elforlight I4-700) with a microscope
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Figure 2. (a) Rapid passage EPR spectrum of the single substitutional nitrogen defect
in diamond. The orange line is the t to the data (blue). The defect has electron spin
S = 1=2 and nuclear spin I = 1, resulting in a central line and two hyperne lines
corresponding to the nuclear spin manifolds. The substitutional nitrogen concentration
is deduced from the spectrum. (b) SEM image of the nanodiamonds after ultra-
sonication. (c) 532 nm Raman spectrum of the nanodiamonds showing a diamond peak
at 1332 cm 1, an amorphous (sp2) carbon peak at  1400 cm 1 and no detectable
SiN. The broad baseline and other small features are from the alumina substrate. The
exposure time used was 10 s. (d) Scattering intensity of a single nanodiamond as
the pressure is reduced from atmospheric to 4 mbar (red triangles). The chamber is
then vented back to atmospheric pressure (black dotted arrow) and evacuated for a
second time (blue points). Minimum trapping power is used on the second evacuation,
with the scattering intensity recorded after measurements to verify that the size of
the nanodiamond has not changed during power variation. The scattering intensity is
normalised to the intensity at atmospheric pressure when the nanoparticle is initially
trapped.
objective (Nikon N.A. 0.95) housed inside a vacuum chamber. The power of the laser
was controlled with a half-wave plate and polarizing beam-splitter, which transmits
horizontally polarized light to the objective lens. Un-scattered and scattered light from
the trapped nanodiamond was collimated by an aspheric lens and sent to an InGaAs
balanced detector which monitors the x motion in an interferometric scheme described
in [32, 37]. Our position sensitivity of 10 pm=
p
Hz allows us to see the harmonic and
Brownian dynamics of nanoparticles as shown in gure 1 (b).
The nanodiamonds were suspended in pure methanol and sonicated prior to
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trapping. Figure 2 (b) shows a scanning electron micrograph of the nanodiamonds
after sonication. Nanodiamonds were trapped by dispersing them into the vacuum
chamber at atmospheric pressure using a nebulizer. Constancy of mass is a requirement
of the power spectral density analysis, therefore nanodiamonds were rst taken to 3-
4 mbar using the maximum available trapping power to remove surface contaminants
[21], and then brought back to atmospheric pressure after a minimum of one hour at
vacuum. Scattered light from the nanodiamond was monitored with a CMOS camera
above the vacuum chamber to ensure the size remained constant across all centre-of-
mass measurements. Figure 2 (d) shows that the scattering intensity falls by 10-20%
after the initial evacuation due to the removal of surface contaminants, and then remains
constant on the second evacuation when measurements were made [21].
The live position signal from the balanced detector was recorded with a high
resolution PC oscilloscope. After normalising by the power, the data is Fourier
transformed to reveal the power spectral density and t with Sxx(!) as shown in gure 3
(a). The tting parameter A = 2C2kBTcm=m was extracted for dierent powers at a
xed pressure of 4 mbar, where C is a calibration constant for converting from the
detector signal in volts to meters. The dependence of A upon the laser power for a
xed mass determines whether or not the nanodiamonds were heating. The centre-
of-mass temperature was measured as a function of power rather than pressure to
take advantage of the increased signal-to-noise at low pressure. The centre-of-mass
temperature was inferred from A by measuring A at a higher pressure p1 where the
nanodiamond is conrmed to be at room temperature, and then Tcm2 = Tcm1(Ap2=Ap1),
where Tcm1 = 298 K, and Ap1 and Ap2 are the values of A at high pressure p1 and low
pressure p2, respectively. Errors were determined by taking the standard deviation of
repeated measurements of a single data point, and summing it with the tting error.
4. Results
Representative data of the nanodiamonds studied in this article are presented in gure 3.
A linear t of the data in gure 3 (b) gives a heating rate of 24230 K/W, demonstrating
that the centre-of-mass temperature does not depend on the trapping laser power even
as it was more than doubled up to approximately 300 mW, corresponding to an intensity
at the focus of 750 GW/m2. This shows that by absorbing less trapping light, the
nanodiamonds are able to dissipate any excess heat. Furthermore, we were able to keep
most nanodiamonds trapped at  3-4 mbar for over a week with the maximum available
trapping power. Below this pressure, nanodiamonds were susceptible to sudden ejection
from the trap due to trapping instabilities [30].
The average heating rate for all but one of the nanodiamonds studied was 27 190
K/W, ranging from -27 K/W to 164 K/W, none of which exhibited heating above the
margin of error. One particle, however, was observed to heat. In cases where the c.m.
temperature is raised above thermal equilibrium, the model described in [26] can be used
to deduce the internal temperature, which was inferred to be 600 K at maximum power
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Figure 3. (a) Experimentally measured power spectral densities (     ) of a single
trapped nanodiamond at 4 mbar as trapping power is increased from 130 to 290 mW
(left to right), t with (3) (||). As expected from (1), the trap frequency increases
as !0 
p
P . From the t, we determine the radius of the nanodiamond to be r  36
nm (equivalent sphere). (b) Corresponding centre-of-mass temperatures of the same
nanodiamond, showing no dependence on the trapping laser power.
for the diamond that showed heating above the margin of error. Possible explanations for
the heating could be the presence of surface contaminants, or graphitic carbon trapped
within a grain boundary in the nanodiamond or between boundaries in a cluster of
nanodiamonds.
5. Discussion
The upper-bound absorption coecient at 1064 nm of the parent material used to make
our nanodiamonds is 0.03 cm 1 [28]. This is slightly lower than the absorption coecient
of high purity silica (0.11 cm 1) [38], a material that has already been optically trapped
in high vacuum in numerous studies [30{32, 39{41]. Therefore, if the motion of the
nanodiamond can be damped through the period of intermediate vacuum, it may be
possible to take the nanodiamonds to high vacuum where proposals [1{9] could be
realised. It is worth noting that single crystal CVD diamonds that are two orders of
magnitude purer than the nanodiamonds used here are commercially available.
In order to predict an upper-bound to the minimum pressure our nanodiamonds can
reach, we utilise a thermodynamic model based on two heat dissipation mechanisms:
gas cooling and blackbody radiation. Equation (4) models a sub-wavelength sphere
with an absorption cross-section related to the complex permittivity of the sphere, heat
dissipation due to gas molecule collisions, and the dissipation of blackbody radiation.
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The total heating rate of the sphere is then expressed as [42{44]
@q
@t
= 3IkV

Im
  1
+ 2

| {z }
Absorption
  g
2
r2vp
 + 1
   1

T
T0
  1

| {z }
Gas
(4)
  72(5)V
2c3h4

Im
bb   1
bb + 2

k5BT
5
| {z }
Black body
;
where I is the trapping laser intensity, k = 2=, V is the nanoparticle volume,
 = 0 + i00 is the complex permittivity, where 0 is equal to 5.8 for diamond and 2
for silica, and 00 = (=4)2 where  is the absorption coecient with units of m 1. g
is a phenomenological thermal accommodation coecient (taken as 1 for diamond, and
0.777 for silica [26]), r is the nanoparticle radius, v =
q
8kBT0=mgas  500 ms 1 is the
mean gas speed, T0 = 298 K is the gas temperature, mgas  4 10 26 kg is the mass of
a gas molecule, p is the gas pressure,  = 7=5 is the gas specic heat ratio, (5) = 1:04
is the Riemann zeta function, and h is the reduced Planck's constant. Im bb 1
bb+2
 0:1 is
assumed for silica [38, 44], and 10 3 for diamond [45, 46], approximately corresponding
to the average permittivities around blackbody wavelengths at T  1000 K.
We model the steady state temperatures as a function of pressure for 25 nm radius
nanodiamonds (the average size of the nanodiamonds used in this study) using upper-
bounds of the absorption coecients measured in [28, 29] by laser calorimetry. Assuming
a linear relationship between defect concentration and absorption coecient [47], we may
also model diamonds for which the absorption coecient is below the detection limit
of laser calorimetry (0.001 cm 1 for a 1 mm thick sample [29]). Figure 4 shows the
predicted temperature as a function of pressure for nanodiamonds of various absorption
coecients.
With the exception of the commercial nanodiamonds used in [12{21], no signicant
heating is expected above 1 mbar, as conrmed by our experimental results. Above this
pressure, the surrounding gas eciently dissipates the heat generated by absorption of
the trapping laser. At approximately 10 2 to 10 3 mbar, blackbody radiation becomes
the dominant heat dissipation mechanism and the temperature stabilises at 1400 K.
At atmospheric pressure, nanodiamond graphitizes between 940 K and 1070 K [48, 49].
Therefore, low absorption grade (850 K) or electronic grade (400 K) material might be
required to reach the pressures required for proposals [1{9].
However, the actual nal temperatures are likely to be lower than those given
by (4), as we have used the upper-bounds of the absorption coecients. Alternative
calculations for the disspipation of heat through blackbody radiation [50] predict lower
nal temperatures of 900 K (see Supplementary Information). It is also likely that the
absorption will dier at the nanoscale compared to the bulk. For a particle radius of
25 nm and N0s concentration of 100-160 ppb, there are likely to only be one or two
N0s defects per nanodiamond. In this regime, the surface is probably a more signicant
source of absorption than the bulk. High vacuum is commonly used in high-temperature
annealing of diamond to prevent the onset of graphitization, which may further extend
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Figure 4. Modelled upper-bounds of temperature as a function of pressure for
r = 25 nm nanoparticles and a trapping laser intensity of I = 60 GW/m2 [14]. The
absorption coecient of the commercial nanodiamonds (|  |) used in [12{21] has
been set to 30 cm 1 based on 150 ppm N0s . Standard grade (||) corresponds to
the bulk diamond grade used to make the nanodiamonds used in this study, with
an upper-bound absorption coecient 0:03 cm 1. Low absorption grade (- - - -) has
0:003 cm 1 [28, 29]. Electronic grade (     ) has a predicted absorption coecient of
4:5 10 5 cm 1. The red line is a simulation of high purity silica with an absorption
coecient of 0:11 cm 1 [38].
the level of attainable vacuum [51]. Since nanodiamonds are non-spherical (gure 2 (b)),
they have a higher surface area-to-volume ratio, which assists gas cooling. It should also
be noted that a previous study has shown that the spin coherence lifetime of the NV 
centre (T 2 ) can be over 1 s even for temperatures above 600 K [22]. Furthermore, the
gas cooling term in (4) is known to underestimate heat dissipation away from thermal
equilibrium [43].
Although we were unable to measure the temperature at the loss pressure, the
simulation shows that heating would be limited to < 10 K above room temperature at 1
mbar (using the highest intensities and particle radius), which would suggest a dierent
loss mechanism to the one proposed in [30] involving radiometric forces arising from
temperature gradients across 3 m silica spheres. The large thermal conductivity of
diamond also would likely preclude the presence of temperature gradients. Rather, the
smaller damping coecient at lower pressure, combined with nonconservative scattering
forces [52, 53], also proposed in [30], and shot-noise from the gas, are the more probable
culprits in this trapping regime.
6. Conclusion
We have milled pure CVD diamonds into nanodiamonds and measured their resulting
centre-of-mass motion in an optical dipole trap, from which we infer that the
nanodiamonds do not heat up at 2-4 mbar. We attribute the previously observed
heating in commercial nanodiamonds to the high concentration of bulk impurities. We
have therefore demonstrated a route to levitating nanodiamonds in high vacuum and
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have set upper-bounds on the temperatures they would reach by modelling the optical
absorption of trapping light, and heat dissipation due to gas molecule collisions and
blackbody radiation. This advance removes an obstacle that was preventing progress
in using levitated nanodiamonds for probing quantum gravity, dark matter detection,
phonon mediated coupling of electron spins, and mesoscopic wavefunction collapse.
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